Abstract.-The interordinal relationships of eutherian (placental) mammals were evaluated by a phylogenetic analysis of four published data sets (three sequences and one morphological). The nature and degree of support and con ict for particular groups were assessed by separate bootstrap and homogeneity tests, which were followed by combined analyses of the sequence and morphological data. Between orders, strong support (i.e., $ 95% bootstrap scores) was found for a paraphyletic Artiodactyla (relative to Cetacea) and a monophyletic Cetartiodactyla (Artiodactyla and Cetacea) and Paenungulata (Hyracoidea, Proboscidea, and Sirenia). In turn, some reasonable to strong evidence ($ 85%) was obtained for Hyracoidea with Sirenia, Dermoptera with Scandentia, Glires (Lagomorpha with Rodentia), and Afrotheria (Amblysomus, Macroscelidea, Paenungulata, and Tubulidentata). Otherwise, no other interordinal clades were supported at these reasonable to strong levels. This overall lack of resolution for eutherian interordinal clusters agrees with other studies that suggest further progress will continue to be slow and dif cult. Further resolution will require the integration of more recently published data, the continued sampling of taxa and characters, and the use of more powerful methods of data analysis.
Because of the importance to humans of eutherian (placental) mammals as sources of food and clothing, as test subjects in applied and basic research, and as companion and service animals, a large body of comparative information has been accumulated about them (Szalay et al., 1993; McKenna and Bell, 1997) . Nonetheless, many questions about their superordinal relationships remain (Allard et al., 1996; de Jong, 1998) . Few interordinal groups of eutherian mammals have received convincing support (i.e., $ 95% bootstrap scores) from either molecular or morphological data, and often these two sources of information have clashed over their superordinal arrangements. Currently, the databases for both sources of information continue to grow with the addition of new genes, sequences, and morphological/paleontological data (Pumo et al., 1998; Shoshani and McKenna, 1998; Stanhope et al., 1998a Stanhope et al., , 1998b . While this new knowledge accumulates, it is important to assess the existing information on eutherian superordinal groups. With such an assessment, future studies will be in a stronger position to maximize the new information and to test hypotheses about eutherian interordinal relationships.
This study provides a survey of the current evidence for eutherian interordinal phylogeny through a comparison of three gene sequence [interphotoreceptor retinoidbinding protein (IRBP), von Willebrand factor (vWF), and 12S ribosomal RNA (rRNA)] data sets and one morphological (hard and soft anatomy) set. The IRBP and vWF versus 12S rRNA sequences represent single-copy nuclear and mitochondrial genes for proteins and structural RNA, respectively. The four data sets were selected for this survey because of their broad sampling among eutherian orders, their use of long contiguous stretches of coding DNA, and their importance in the current debates on eutherian interordinal relationships (de Jong, 1998; Stanhope et al., 1998a Stanhope et al., , 1998b .
MATERIALS AND METHODS
Electronic les of the aligned gene sequences for IRBP (1,260 positions of exon 1), vWF (1,293 positions of exon 28), and 12S rRNA (1,063 positions of the entire gene) were obtained from C. A. Porter, M. S. Springer, and M. J. Stanhope for 35 mammalian OTUs (Appendix). The study group comprised 32 of these 35 OTUs, representing all 18 commonly recognized extant orders of eutherian mammals (Novacek, 1992) . The other 3 OTUs constituted the marsupial and monotreme outgroups. These 35 OTUs [except Ornithorhynchus (platypus), the sole representative of Prototheria] were selected on the basis of their available sequences for at least two of the three targeted genes.
The alignments of Stanhope et al. (1998a Stanhope et al. ( , 1998b were followed in this study, with the IRBP and vWF sequences requiring only a few straightforward gaps. In contrast, the loop regions of 12S rRNA included many gaps that were often more complex and ambiguous . In addition to these inferred gaps, the sequence alignments also contained significant "holes" from missing data. Specifically, the outgroups lacked vWF data, Ornithorhynchus was limited to only 12S rRNA, and many eutherian OTUs were missing 100 to 200 or more positions at either or both ends of their IRBP or vWF (or both) sequences. In response to these limitations, additional phylogenetic analyses were conducted with the combined sequences to check on the effects of the gapped positions and the missing data (see below).
Morphological data for the study group and outgroups (89 characters) were obtained from Novacek (1992 :Table 1 ), as modi ed by Gaudin et al. (1996) . These modi cations followed Run 3A of Gaudin et al. (1996) , except that characters * 1 and * 2 were excluded because of their extensive intraordinal polymorphisms. All conordinal OTUs were assigned the same morphological data, since this information was originally scored for the inferred ancestors of their orders (M. J. Novacek, pers. comm.) . This approach assumed that all extant mammalian orders are monophyletic, an assumption that remains most questionable for Artiodactyla, Insectivora, and Rodentia (Shimamura et al., 1997; Reyes et al., 1998; Stanhope et al., 1998b; Gatesy et al., 1999) . However, because of this assumption, diagnostic characters for ordinal monophyly were ignored in the original data set. Thus, the morphological data in this study were of limited use in the denition of orders.
Separate and combined parsimony analyses of the IRBP, vWF, 12S rRNA, and morphological data were conducted with PAUP * , versions 4.0d63 and 4.0d64, written by D. L. Swofford. The separate and combined analyses of the three genes, with or without morphology, were each accomplished by heuristic searches with 500 random additions and TBR branch swapping (Swofford et al., 1996) . The separate analysis of the morphological data was completed with the branch-and-bound method. In each analysis, the strength of support for groupings was assessed by bootstrapping with 1,000 replicates. Data heterogeneity (incongruence) among character sets was evaluated by the partition-homogeneity test with 99 random repartitions (Farris et al., 1994) .
The question of whether "to combine or not to combine" data sets for phylogenetic estimation remains controversial, with each of the three primary approaches (total evidence, conditional combination, and separate analysis) de ned by their own advantages and disadvantages (Huelsenbeck et al., 1996) . In recognition of these various strengths and weaknesses, this study adopted the position that data sets should be analyzed both separately and combined, and that tests of heterogeneity should not be used to justify automatically the continued separation of character partitions (Larson, 1994; Remsen and DeSalle, 1998) . Rather, these tests should be used to assess the distribution, nature, and extent of con ict among data sets. By relying on these different strategies, we expected greater insights to emerge from our survey of the sequence and morphological data.
Throughout these analyses, rst/second codon positions and stem regions were assigned twice the weight of third sites and loops for the protein-coding and rRNA genes, respectively. Although more careful considerations are still needed (Swofford et al., 1996) , this weighting strategy was adopted as a rst attempt to accommodate the greater conservatism, plus the more even and uniform base frequencies of rst/second codon positions and stems relative to their counterparts (sequence divergences and base compositions not shown).
In combined analyses and homogeneity tests with the gene sequences, the morphological characters were given the same weight as rst/second codon positions and stems.
This survey of molecular and morphological data relied heavily on the parsimony method with a 2:1 weighting scheme in favor of rst/second codon positions, stems, and anatomical characters. As a check on these results, we reanalyzed the combined data sets with the same heuristic and bootstrap procedures as before, but rst without those 12S rRNA sites having gaps and then without those terminal IRBP and vWF positions having missing data among known OTUs. These excluded data were referred to as "gapped 12S rRNA" and "terminal IRBP/vWF," respectively. Next, a heuristic search was conducted with the combined sequences (all positions) by the maximum likelihood (ML) method with the HasegawaKishino-Yano (HKY) model and site-to-site variation in rates according to the G distribution (Swofford et al., 1996) . In this analysis, the transition/transversion ratio (ts/tv) and G shape parameter (a ) were estimated rather than xed a priori. Finally, heuristic searches were completed with the combined sequences by the minimum evolution method with use of three different coefcients: (1) HKY distances with site-to-site variation in rates according to the G distribution (a = 0.5); (2) ML distances with the HKY model and ts/tv estimated; and (3) LogDet distances that account for base frequency differences among OTUs. Ornithorhynchus was excluded from these analyses to avoid unde ned distances, given the missing data for two of its three genes. These additional bootstrap, ML, and distance analyses of the combined data sets provided important insights into the stability of the superordinal groups from the original parsimony comparisons.
RESULTS
The IRBP and vWF genes were not signi cantly heterogeneous according to their homogeneity test (Table 1) . These sequences were similar in their resolution for 11 and 14 eutherian groups at > 50% bootstrap support, out of 22 and 26 possible clades for 25 and 29 OTUs, respectively ( Fig. 1 ). Both genes corroborated the monophyly of orders with multiple representatives at $ 70%, with two exceptions: the paraphyletic placement of Bos (cattle) with Cetacea (whales and dolphins), rather than with Sus (pig, its artiodactyl relative), at $ 84%, and the three OTUs of Insectivora (golden mole, hedgehog, and shrew), none of which clustered together at > 50%. Between orders, the IRBP and vWF genes both supported the monophyly of Cetartiodactyla (Artiodactyla and Cetacea) and Afrotheria [Hyracoidea (hyrax), Macroscelidea (elephant shrew), Proboscidea (elephant), Sirenia (dugong), and Tubulidentata (aardvark)] at $ 90%. Individually, Paenungulata (Hyracoidea, Proboscidea, and Sirenia) was de ned by a 98% IRBP score, whereas Amblysomus (golden mole) was included in Afrotheria by vWF. Otherwise, no other interordinal cluster received > 79% support from either gene.
In contrast, the 12S rRNA sequences were signi cantly incongruent with the IRBP and vWF genes according to their homogeneity tests (Table 1) . This gene provided the poorest resolution for eutherian phylogeny, de ning only 6 groups at > 50% out of a possible 26 clusters for 29 OTUs (Fig. 1) . Unlike IRBP and vWF, 12S rRNA failed to corroborate the ordinal monophyly of Carnivora (dog, seal, and cat), Chiroptera (microbat and megabat), Primates (human, galago, and lemur), and Rodentia (agouti, guinea pig, and mouse). Above the ordinal level, 12S rRNA agreed with IRBP in its 88% support for Paenungulata. Otherwise, no other eutherian interordinal cluster received > 55% support.
The ordinal monophyly of Carnivora, Chiroptera, and Primates is each well established (Wyss and Flynn, 1993; Simmons, 1994; Shoshani et al., 1996) . When these three orders were each constrained as monophyletic, the incongruences between 12S rRNA/IRBP and 12S rRNA/vWF became insigni cant and much less signi cant, respectively, according to their homogeneity tests (Table 1) . These results suggested that their discrepancies were in large part a TABLE 1. Homogeneity tests between the sequence and morphological data. Only informative characters (sensu parsimony) are counted in these tests; n = the number of OTUs in each comparison. Tree lengths, both separately and summed, are given for both data sets of a comparison, along with the range of totals for their 99 random repartitions. "Constrained" refers to which orders (if any) were xed a priori as monophyletic. The sequence vs. morphological tests were conducted either with 1 or 2 OTUs per order (whenever available) . Conordinal OTUs were chosen for these comparisons according to their greater numbers of gene sequences and/or more basal phylogenetic positions within their orders, as judged from the separate and combined analyses. result of the failure of the 12S rRNA gene to corroborate these well-de ned orders.
Only 17 eutherian clades, out of a possible 29 clusters for 32 OTUs, were de ned at > 50% bootstrap support by the combined sequences (Fig. 2) . Of these 17 clusters, 14 included those that received > 50% in the separate analyses of the three genes (Fig. 1) . Orders with multiple representatives were corroborated at $ 69%, except for a paraphyletic Artiodactyla (Bos with Cetacea at 97%, rather than with Sus), a polyphyletic Insectivora, and a possibly paraphyletic Rodentia with Lagomorpha (rabbit and cottontail). By combining the three genes, Carnivora, Chiroptera, and Primates were corroborated at 98%, 69%, and 94%, respectively, as the 12S rRNA discrepancies against their monophyly were overcome by the IRBP and vWF sequences. Between orders, Cetartiodactyla, Paenungulata, and Afrotheria were de ned at 100%, 99%, and 87%, respectively, as was Hyracoidea with Sirenia at 90%. No other eutherian interordinal clades received > 77%.
The morphological data were signicantly heterogeneous with the IRBP, vWF, and 12S rRNA genes, both separately and combined, according to their homogeneity tests (Table 1) . Resolution with the morphological data was high, 13 eutherian interordinal clusters, out of a possible 15 for 18 orders, being de ned at > 50% (Fig. 1) . However, none of these 13 groups agreed with those at > 50% for IRBP, vWF, and 12S rRNA, either separately or combined (Fig. 2) . The morphological data supported seven eutherian interordinal clusters at FIGURE 1. Bootstrap, majority-rule, consensus trees from the separate weighted (2:1) parsimony analyses of (a) IRBP; (b) vWF; (c) 12S rRNA; and (d) morphology. Each tree is based on 1,000 replicates, with bootstrap scores given for those groups with > 50% support. These separate data sets are associated with 4, 10, 4, and 2 most-parsimonious (MP) solutions, respectively. FIGURE 2. MP trees from the combined weighted (2:1) parsimony analyses of (a) data from the three genes and (b) the molecular plus the morphological data. These phylogenies represent one of three and one of four MP solutions for their combined data, respectively. Solid lines for internal branches highlight those groups that are shared by all MP solutions for a data set, whereas dashed lines mark those that are common to some, but not all, of the alternatives. Bootstrap scores, based on 1,000 replicates, are given above the internodes for those groups with > 50% support. Bootstrap scores are then shown below the internodes for the additional parsimony analyses without the gapped 12S rRNA sites and without the terminal IRBP/vWF positions ( rst and second numbers, respectively).
Downloaded from https://academic.oup.com/sysbio/article-abstract/48/1/54/1657451 by guest on 27 March 2019 $ 86%, including Lagomorpha with Rodentia (i.e., the superorder Glires); Glires with Macroscelidea (Anagalida); Pholidota (pangolin) with Edentata; Proboscidea with Sirenia (Tethytheria); Scandentia (tree shrew) with Primates; Dermoptera ( ying lemur) with Chiroptera (Volitantia); and Primates and Scandentia with Volitantia (Archonta).
Combining the molecular and morphological data resulted in only 20 eutherian clades at > 50% bootstrap support, out of a possible 29 clusters for 32 OTUs (Fig. 2) . Seventeen of these 20 groups were the same ones as obtained from the combined sequences alone, with only Glires overlapping with the 13 morphological interordinal clades at > 50% (Fig. 1) . Between orders, the combined sequence and morphological data de ned a paraphyletic Artiodactyla with Cetacea and a monophyletic Cetartiodactyla and Paenungulata at $ 95%. This level of support was also achieved by Glires (99%). Afrotheria received 82%, whereas Dermoptera with Scandentia reached 81%. Otherwise, no other interordinal cluster was supported at $ 80%, including the Hyracoidea/Sirenia pairing from the combined sequences.
Excluding the gapped 12S rRNA sites from the combined sequence and molecular/morphological data (247 positions or 23% of the entire gene) produced bootstrap scores similar to those from the original parsimony analyses (Fig. 2) . Of the bootstrap scores for the 17 and 20 original groups with > 50%, only 5 differed by > 5% with the removal of the more complex and ambiguous, gapped 12S rRNA sites. Of these ve, the 14% increase for Afrotheria from the combined molecular and morphological data was most signi cant, since it raised the support for this superorder from 82% (all positions) to 96% (minus the gapped 12S rRNA sites). Otherwise, these > 5% differences included an increase of 6% to 83% for Dermoptera with Scandentia and three decreases of 9% to 17% for two weakly supported groups (Cavoidea with Lagomorpha and Macroscelidea with Tubulidentata). Thus, except for Afrotheria, new strong support was not achieved for any eutherian group by restricting the 12S rRNA alignment to its more reliable positions.
Removing the terminal IRBP/vWF positions from the combined sequence and molecular/morphological data (836 characters or 33% of the total sites for these two genes) resulted in the poorest resolution for eutherian groups (Fig. 2) . Excluding these sites led to 9 decreases, but no increases, of > 5% in the bootstrap scores of the 17 and 20 original groups. Such loss of resolution suggested that the incomplete status of many IRBP and vWF sequences was insuf cient to exclude these terminal positions from the combined analyses. Rather, these ends, despite their "holes" [some of which were recently lled by Stanhope et al. (1998a) ], were necessary to maximize the information of the available IRBP and vWF data. For these reasons, the bootstrap results without these terminal positions were not considered further in the assessments of eutherian interordinal relationships.
DISCUSSION
A paraphyletic Artiodactyla with Cetacea and a monophyletic Cetartiodactyla and Paenungulata are each strongly de ned at $ 95% bootstrap support by both combined analyses, with or without the gapped 12S rRNA sites (Fig. 2) . These superordinal relationships are also obtained by the ML and distance analyses of the combined sequences (results not shown). The monophyly of Cetartiodactyla and Paenungulata is each well supported by many recent molecular and morphological studies (de Jong, 1998; Shoshani and McKenna, 1998; Gatesy et al., 1999) . It is on these grounds that both superorders remain two of the strongest for eutherian mammals.
The status of a paraphyletic Artiodactyla with Cetacea is more complex. Artiodactyl paraphyly, relative to Cetacea, is well supported by many recent molecular studies that include retroposon markers (Shimamura et al., 1997) and complete mtDNA genomes (Ursing and Arnason, 1998) . In turn, artiodactyl monophyly is based on only a few unequivocal morphological characters (Luckett and Hong, 1998; Thewissen et al., 1998) . Given the strength and diversity of the molecular evidence, a paraphyletic Artiodactyla with Cetacea remains one of the strongest hypotheses about eutherian interordinal relationships from DNA and protein data (Graur and Higgins, 1994; Gatesy et al., 1999) . However, until more sequences and detailed analyses are completed, this hypothesis for a paraphyletic Artiodactyla is unlikely to be universally accepted by morphologists (Luckett and Hong, 1998) .
Hyracoidea with Sirenia, Dermoptera with Scandentia, Glires, and Afrotheria are four other eutherian interordinal groups that receive reasonable to strong bootstrap support (i.e., $ 85%) from some, but not all, of the combined analyses (Fig. 2) . Hyracoidea with Sirenia is de ned at $ 90% by the combined sequences, with or without the gapped 12S rRNA positions. This pairing is also recovered in the ML and distance analyses. However, its $ 90% scores from the combined sequences are reduced to # 72% by the inclusion of the morphological data. Instead, the morphological evidence joins Sirenia with Proboscidea at 98% (Fig. 1) , a pairing that is corroborated by other sequence data (Irwin and Arnason, 1994; Lavergne et al., 1996) . Because of such incongruences, interordinal relationships within Paenungulata remain unresolved (Stanhope et al., 1998a) .
Dermoptera with Scandentia is supported by bootstrap scores of 77% to 86%, with the high from the combined molecular and morphological data (minus the gapped 12S rRNA sites) (Fig. 2) . This 86% high is achieved despite the inclusion of the morphological characters and their $ 96% support for Dermoptera with Chiroptera and Scandentia with Primates (Fig. 1) . Dermoptera with Scandentia is recovered in the ML and distance analyses and is corroborated by independent molecular evidence (Miyamoto, 1996) . It remains to be seen whether this pairing continues to receive corroboration as a viable alternative to the morphological hypotheses of Volitantia and Scandentia with Primates (Szalay and Lucas, 1996) .
The current molecular and morphological discrepancies over Glires are similar to those reported in the literature (Luckett and Hartenberger, 1993; Reyes et al., 1998) . The combined sequences are ambiguous about Glires (Fig. 2) , as are the ML and distance analyses that, respectively, oppose and favor its monophyly. In contrast, morphological data de ne Glires at 100% bootstrap support (Fig. 1) . Thus, when the sequence and morphological data are combined, this superorder receives 99% scores that are largely due to the unequivocal anatomical evidence. The current situation with Glires is analogous to that for artiodactyl paraphyly (see above). That is, Glires is unlikely to be widely accepted by molecular phylogeneticists until its monophyly is con rmed by DNA and protein data (Graur et al., 1996; Reyes et al., 1998) .
A recent analysis of several nuclear and mitochondrial genes concluded that Afrotheria includes the family Tenrecidae (tenrecs, formerly of Insectivora) in addition to Chrysochloridae (e.g., Amblysomus) (Stanhope et al., 1998b ). In the current study, Afrotheria receives bootstrap scores of 82% to 96% from the combined sequence and molecular/morphological data (Fig. 2) . This superorder is also recovered in the ML analysis but not in the three distance analyses, even without the gapped 12S rRNA sites (results not shown). The overall strength and diversity of sequence support are extensive for Afrotheria, thereby making it one of the strongest eutherian superorders from molecular data (de Jong, 1998; Stanhope et al., 1998a Stanhope et al., , 1998b . However, the three distance analyses suggest that the inclusion of Chrysochloridae, and presumably Tenrecidae, is the weakest part of its de nition.
Beside these seven interordinal groups, no other superordinal clades are supported at $ 85% in any analysis of the three genes or the combined molecular/morphological data (Figs. 1, 2) . Rather, these results are like others in their overall lack of resolution for eutherian interordinal phylogeny (Allard et al., 1996; de Jong, 1998) . Although certain superorders appear well supported (e.g., Cetartiodactyla and Paenungulata), such lack of resolution serves as an important reminder that future progress VOL. 48 will most likely continue to be slow and difcult. Our best chances for future success still depend on the integration of more recent data into phylogenetic syntheses, the continued sampling of taxa and characters, and the use of more powerful analytical methods (Miyamoto, 1996; Stanhope et al., 1998a Stanhope et al., , 1998b .
Nevertheless, although poorly supported, the other interordinal clades of the combined data sets are not necessarily without worth. For example, although weakly dened at # 71% bootstrap support, the interordinal group of Dermoptera, Primates, and Scandentia is recovered in the different parsimony, ML, and distance analyses (Fig. 2) . This interordinal clade is similar to the morphological superorder Archonta (Szalay and Lucas, 1996) , except for the exclusion of Chiroptera. Thus, despite its poor support, this interordinal cluster raises the intriguing possibility of an emended Archonta, while contributing to the large body of molecular data for a distantly related Chiroptera (Allard et al., 1996; Miyamoto, 1996) . Similar insights are expected to emerge from other evaluations of the weakly supported groups.
Since the beginning of this study, the ordinal representation of complete mtDNA genomes for mammals has increased significantly, with such information now known for 11 eutherian orders and for both marsupial and monotreme outgroups . Of particular recent interest are the independent ndings of strong mtDNA evidence for the grouping of Chiroptera with Carnivora, Cetartiodactyla, and Perissodactyla ["Ferungulata" (Pumo et al., 1998) ]. This grouping, plus Pholidota (which lacks a known mtDNA genome), was also strongly supported by a recent congruence analysis of several nuclear and mtDNA genes (Waddell and Hasegawa, 1999) . Our analysis of the combined molecular and morphological data are consistent with these novel hypotheses, although very weakly (Fig. 2) . However, the almost complete lack of higher-level resolution within this group suggests that considerably more data and analyses will be needed to resolve interordinal relationships within this expanded "Ferungulata."
